Two limiting regimes for colloidal particle aggregation are well described in the literature: diffusion-limited cluster aggregation and reaction-limited cluster aggregation. Between these two limiting regimes, a vast transition region is expected. In this paper, the transition region is studied by means of static and dynamic light scattering. Therefore, a system of latex particles is aggregated at different electrolyte concentrations. The time dependence of the average diffusion coefficient is fitted considering the Brownian kernel and the kernel proposed by Schmitt et al. [Phys. Rev. E 62, 8335 (2000)]. The first fits the experimental data only at high electrolyte concentrations while the latter, which considers multiple cluster-cluster contacts, is found to fit the complete set of experimental data. C 2001 Academic Press
I. INTRODUCTION
Aggregation processes of small entities occur in a wide variety of natural systems such as aerosol growth, droplet formation, and colloidal aggregation, among others. Aggregation phenomena have attracted a great deal of interest not only in pure science but also in industry where polymers, paints, and biological materials are formed in this way. In order to study these kinds of processes experimentally, attention is usually focused on "ideal" systems such as colloidal latex particles. Two limiting irreversible aggregating regimes are described in the literature: diffusion-limited cluster aggregation (DLCA) and reactionlimited cluster aggregation (RLCA). The first is observed when the aggregating clusters move due to pure Brownian motion and form a larger cluster once they collide. The latter occurs when not every collision leads to the formation of a new bond. More exactly, RLCA takes place for the limit in which a large number of collisions is needed before the clusters stick. Both limiting regimes have been extensively studied by theory, experiments, and computer simulations (2) (3) (4) (5) (6) (7) (8) (9) . There are, however, not many works about the vast transition region which exists between them (10) (11) (12) .
In this paper, the transition region is studied for aqueous suspensions of colloidal latex particles aggregating at different electrolyte concentrations. The aggregation processes are monitored by means of static and dynamic light scattering. The fractal dimension of the aggregates is obtained from static light scattering (SLS). Dynamic light scattering (DLS) provides the time evolution of the mean cluster diffusion coefficient. These data are then confronted with theoretical predictions obtained from numerical solutions of Smoluchowski's rate equation for different aggregation kernels. For this purpose, the mean diffusion coefficient is calculated as the average of the diffusion coefficients of individual clusters weighted by the corresponding number concentration and scattered light intensity. Two aggregation kernels are considered in this work: the Brownian kernel and the multiple contact kernel (MC kernel) recently proposed by Schmitt et al. (1) . The first describes pure diffusion-limited aggregation where, as mentioned above, the clusters approach due to free Brownian motion and form a stable bond as soon as physical contact between a pair of monomers in the contact area is established. Here, additional monomer-monomer contacts will not contribute to the aggregation rate since the clusters are already bound. For not purely diffusion-limited aggregation processes, however, the first monomer-monomer contact between a pair of colliding aggregates does not necessarily lead to bond formation. Hence, it becomes important to consider further intercluster contacts since they may increase the probability of aggregate formation. The latter kernel includes such effects and thus should be more adequate for describing aggregation processes in the transition region from DLCA to RLCA.
The paper is structured as follows: Section II is a theoretical background. In Section III, we describe the materials and methods. Section IV tackles the results and a discussion thereof. Finally, Section V details the conclusions.
II. THEORETICAL BACKGROUND

A. Static Light Scattering
The light intensity, I (q), scattered by a system with a given cluster size distribution, N n , is given by (13)
where n is the number of monomeric particles per cluster, S(q R g ) is the structure factor of the aggregates, P(q R 0 ) is the monomer form factor, R 0 is the monomer radius, R g is the aggregate radius of gyration, and q is the modulus of the scattering vector. The scattering vector is defined as the difference between the incident and the scattered wave vectors:
For elastic light scattering, where k i = k s , the modulus of q becomes
Here, λ is the wavelength of the incident beam in the surrounding medium and θ is the scattering angle with respect to the incident beam. Assuming that monomers are sufficiently small that their form factor P(q R 0 ) becomes unity, Eq.
[1] may be expressed as (14)
for R g q −1
R 0 . This relationship allows the cluster fractal dimension to be determined experimentally for large q R g by means of static light scattering.
B. Dynamic Light Scattering
On one hand, the theoretical electric field autocorrelation function for a polydisperse system of diffusing particles is given by (13, 15) [5] where the decay rate for an n-size cluster, n , is linked to its translational, D n , and rotational, D rot n , diffusion coefficients according to (16) 
Assuming that D n q 2
6D
rot n for all cluster sizes, the following expression may be obtained for the limit τ → 0 of the logarithmic derivative of g(τ ):
. [7] On the other hand, the experimentally obtained autocorrelation functions are usually fitted by the expression (17)
which is known as the cumulant method. Here, A is a constant, a is the average decay rate, and b is related to the degree of polydispersity. According to this equation, the limit τ → 0 of the logarithmic derivative of g(τ ) becomes
= − a . [9] Combining Eqs. [7] and [9] yields finally (13)
. [10] This well-known expression implies that the average diffusion coefficientD(q), obtained from experiments as a /q 2 , may be calculated theoretically as an average of the diffusion coefficients, D n , of individual aggregates weighted by the corresponding scattering intensity and cluster mass distribution.
C. Aggregation Kinetics
In order to obtain the time evolution of the cluster size distribution for an aggregating system, Smoluchowski's rate equation (2, 3) ,
has to be solved. This equation is valid for dilute systems when fragmentation does not occur. The aggregation kernel, k i j , quantifies the rate at which two i-and j-size clusters react and form an (i + j)-size cluster. k i j has to be understood as an orientational and configurational average of the exact aggregation rate for two specific clusters colliding under a particular orientation.
All physical information about the aggregation mechanism is contained in the kernel. A classification scheme for homogeneous kernels was introduced by van Dongen and Ernst (18) . They defined the scaling exponents, λ and µ, according to
Here, a > 1 is a constant. Since the cluster reactivity cannot rise faster than its mass, kernels with either λ > 2 or (λ − µ) > 1 are unphysical. It is well known that the Brownian kernel describes the pure diffusion-limited aggregation regime. This kernel was derived by considering solid spheres which approach due to Brownian motion and stick as soon as they come into physical contact. Its analytical form is given by [13] where D i and D j are the diffusion coefficients and R i and R j are the radii of spheres i and j, respectively. Considering that the diffusion coefficient of a sphere is given by the Stokes-Einstein relationship as
becomes
where k Smol 11 = 8k B T /3η. Here, k B T is the thermal energy and η is the solvent viscosity (2, 3) . In order to adapt the Brownian kernel for colliding fractal aggregates, an expression for their effective radius and diffusion coefficient had to be found. Computer simulations (19) (20) (21) (22) and experiments (6, 23) showed (24, 25) . Using these expressions in Eq. [13] yields finally
. [15] According to Eq. [12] , this kernel has λ = 0 and µ = −1/d f . Schmitt et al. proposed a kernel (MC kernel) which considers the possibility of multiple cluster contacts in the collision area. Their expression is based on the Brownian kernel, modified by a surface reactivity term. Its analytical form is (1)
where d f D is the fractal dimension for pure diffusion-limited aggregation. It is generally accepted that d f D is approximately 1.75 ± 0.05 when additional effects such as internal cluster rearrangement do not occur (20, 22) . According to Eq. [12] , this kernel has
As expected, the MC kernel reduces to the Brownian kernel for pure DLCA processes where
III. MATERIALS AND METHODS
The polystyrene latex particles used for this study were manufactured by the Grupo de Ingeniería Química de la Universidad del País Vasco (Spain). The particle size and shape were checked by transmission electron microscopy (TEM). The obtained average particle diameter and polydispersity index were 184 ± 14 nm and 1.003, respectively. The measured particle diameter is in good agreement with the value of 178 ± 10 nm obtained by DLS. Sulfate groups, derived from the initiator molecules for the polymerization reaction, stabilize the particles electrostatically. The particle surface charge density was determined by conductimetric titration to be −30 ± 5 mC/m 2 . The critical coagulation concentration of 437 ± 12 mM KBr was measured by small-angle nephelometry.
The time dependence of the average diffusion coefficient, D(t), was obtained using a 4700 system from Malvern Instruments. This instrument works with a 488-nm wavelength argon laser and is able to perform sequential SLS and DLS measurements. For SLS, the scattering angle was varied from 10
• to 140
• . The DLS measurements were performed at 60
• . Prior to the experiments, the samples were diluted to twice the desired particle concentration and sonicated for 10 min in order to approach monomeric initial conditions. Immediately afterward, the coagulation process was started by mixing equal volumes of sample and electrolyte solution using a Y-shaped mixing cell. The initial particle concentration for all experiments was set to 4.0 × 10 16 m −3 . This concentration is sufficiently low to avoid the hazardous effects of multiple scattering and photomultiplier saturation. The electrolyte concentration was varied from 1000 mM to 250 mM potassium bromide (KBr). The temperature was stabilized at 25 ± 1
• C. Solutions and suspensions were prepared with pure water obtained by reverse osmosis followed by percolation through charcoal and a mixed bed of ionexchange resins.
The experimental time dependence of the average diffusion coefficient was confronted with theoretical curves by means of Eq. [10] . For that purpose, the diffusion coefficients, the aggregate structure factor, and the cluster size distribution were needed. Also here, the expression D i = k B T i (−1/d f ) /6πη R 0 , used to deduce the Brownian kernel, was employed for the diffusion coefficient of individual aggregates. M. Y. Lin et al. calculated the aggregate structure factor directly from computergenerated clusters obtained under diffusion-and reactionlimited conditions (26) . Afterward, they parametrized the results by fitting the expression
. [18] For DLCA aggregates they obtained n = 4, C 1 = 2n/3d f , C 2 = 2.50, C 3 = −1.52, C 4 = 1.02, and d f = 1.8. For RLCA aggregates they determined n = 4, C 1 = 2n/3d f , C 2 = 3.13, C 3 = −2.58, C 4 = 0.95, and d f = 2.1. Since the experimental cluster fractal dimensions generally differ from 1.8 and 2.1, the structure factors may be approximated by interpolating the values given by both polynomials. In order to obtain the time evolution of the cluster size distribution, the Smoluchowski rate equation was numerically solved for given initial conditions and aggregation kernel. Therefore, an iterative second-order Runge-Kutta algorithm was employed. This algorithm solves a limited number of coupled first-order differential equations. The influence of the bigger aggregates is not taken into account during the first iteration step but is considered in the following steps by introducing dynamic scaling concepts. The method is described in more detail in Ref. (27) . The initial conditions, i.e., the cluster concentrations at time zero, were assumed to be monodisperse. As mentioned above, the Brownian kernel and the MC kernel were used for the fits. Both are functions of the dimer rate constant, k 11 , and the fractal dimension of the aggregates, d f . Since d f is experimentally accessed, k 11 is the only free fitting parameter in each case. The fitting procedure consisted in minimizing the function
where ξ n is the relative deviation between an experimental data point and the theoretical curve. Here, M is the total number of experimental points used for the calculations.
IV. RESULTS AND DISCUSSION
The cluster fractal dimension, d f , was obtained by plotting the scattered intensity, I (q), versus the scattering wave vector modulus, q, on a logarithmic scale and fitting the linear region according to Eq. [4] . Table 1 details the fractal dimensions obtained at different electrolyte concentrations. As can be seen, the fractal dimension increases for decreasing electrolyte concen- 
FIG. 1.
Measured decay rate, a , as a function of q 2 for an experimental system aggregating at 1000 mM KBr. As indicated in the plot, the different curves were obtained at different aggregation times. The solid lines correspond to the best linear fits.
tration and falls well between 1.75 and 2.1, which are the values generally accepted for pure diffusion-and reaction-limited aggregation, respectively (13, 14, 20, 22) .
The mean diffusion coefficient,D, was measured by means of DLS, using the expressionD = a /q 2 (28) (29) (30) . This implies that the contribution of the rotational cluster movement to the average decay rate was assumed to be negligible (see Eq. [6] ). In order to chek this assumption, the average decay rate, a , was measured as a function of the scattering vector modulus, q. Figure 1 shows the obtained results plotted versus q 2 for a system aggregating at 1000 mM KBr. In all cases, a linear behavior is observed. Furthermore, the fitted straight lines always pass close to the origin. Consequently, the translational modes dominate the decay rate under our experimental conditions at all times and hence, a rotational contribution toD could not be detected. The same is true for the other electrolyte concentrations. Figure 2 shows the time dependence of the average diffusion coefficientD for different electrolyte concentrations. The points correspond to the experimental data. The dashed and solid lines represent the best fits for the Brownian kernel and the MC kernel, respectively. Table 1 summarizes the minimized δ values and the corresponding k 11 values obtained for both kernels. The fitting error was estimated assuming a 5% confidence interval for δ. Figure 2a shows the obtained results at high electrolyte concentration (1000 mM KBr). Here, a good agreement between the theoretical curves and the experimental data is achieved for both kernels. This is corroborated by the relatively small residual δ. At short times, however, the experimental data are better fitted by the MC kernel. Furthermore, the δ value for this kernel is slightly smaller than the one obtained for the Brownian kernel. A more important but still small difference is observed when comparing the fitted aggregation rates, k 11 . The fitted dimer formation rate constant for the Brownian kernel, k Brown 11 , is larger than the one obtained for the MC kernel, k MC 11 . It should be noted that this difference disappears when the fractal dimension approaches the value for pure DLCA (see Eqs. [15] and [16] (32) (33) (34) .
Figures 2b-2e show the experimental data and the best theoretical fits for the Brownian and the MC kernels at intermediate and low electrolyte concentrations. At 750 mM KBr, a good agreement between the Brownian curve and the experimental data is still found. For lower electrolyte concentrations, however, the agreement is lost. Moreover, the lower the electrolyte concentration becomes the larger the deviations are. This tendency is quantified by δ, which increases approximately by a factor of 2. Please note that the calculated curves for the MC kernel remain in good agreement with the experimental data for the complete series. Furthermore, δ MC is always smaller than δ Brown and practically constant. This finding may be understood in terms of the repulsive particle interactions which become more important for decreasing electrolyte concentration. The fact that the Brownian kernel with a lower dimer formation rate constant is not able to fit the data correctly makes it clear that repulsive particle interactions not only reduce the sticking probability but also introduce additional effects, such as multiple cluster-cluster contacts, which need not be considered for pure DLCA. It should be noted that the Brownian kernel curves cross the experimental ones in order to minimize the δ function. Consequently, the dimer formation rate constants for the Brownian kernel, k Brown 11 , are always larger than those for the MC kernel, k MC 11 . Furthermore, the ratio between these values increases as the electrolyte concentration decreases. This finding may be explained in terms of λ. While the Brownian kernel always has λ = 0, λ is always positive for the MC kernel and increases for increasing fractal dimension according to Eq. [17] . Thus, the Brownian kernel has larger rate constants for small aggregates and smaller ones for larger aggregates. This explains why at short times, i.e., when only small aggregates are formed, the Brownian curves fall below the MC kernel curves while for longer times, this tendency is reversed. Naturally, this effect is more pronounced at lower electrolyte concentrations. Figure 3 shows a 3D plot of the fitted MC kernel for 1000, 437, and 250 mM KBr. As expected, the kernel is very similar to the Brownian kernel when the cluster fractal dimension is not far from 1.75 (see Fig. 3a ). For higher fractal dimensions, the kernel shape reminds the one of the sum kernel, k i j ∼ (i + j), while for intermediate cluster fractal dimensions, a hybrid shape is achieved. This can clearly be seen in Fig. 3c and 3b , respectively.
The MC kernel links λ to the cluster fractal dimension according to Eq. [17] . Since the fractal dimension is experimen- tally obtained, λ may be determined. The results are summarized in Table 1 . At high electrolyte concentration, the obtained value is close to zero, which is generally accepted for pure DLCA. For decreasing electrolyte concentration, λ increases steadily and reaches values up to approximately 0.4. It should be noticed that even at electrolyte concentrations well above the c.c.c., λ differs significantly from zero and tends to increase for decreasing electrolyte concentration. This means that an electrolyte concentration higher than the c.c.c. does not guarantee a pure DLCA regime. For the RLCA limit, i.e., d f = 2.1, the MC kernel predicts λ = 0.57. Unfortunately, this value could not be confirmed by our experiments. In literature, however, there is no general consensus about the correct λ for pure RLCA and the reported values vary from 0.5 to 1 (6, 7, 9, 14, 27, 35, 36) . Thus, we conclude that our experimental data do not reach the RLCA limit and hence, correspond to the transition region.
V. CONCLUSIONS
As expected, the Brownian kernel predictions were found to describe the experimental data correctly only at high electrolyte concentrations. Nevertheless, the MC kernel slightly improved the fits even under these aggregation conditions. This is in good agreement with the results found by Schmitt et al. for similar experimental systems (1). Moreover, the MC kernel was also able to fit the experimental data at lower electrolyte concentrations. The obtained cluster fractal dimensions and the corresponding λ values confirmed that the systems were aggregating in the transition region from DLCA to RLCA. Nevertheless, both λ and d f increase with decreasing electrolyte concentration up to values closed to those accepted for pure RLCA. The fact that the MC kernel fits the experimental data better than the Brownian kernel shows that additional effects such as multiple intercluster contacts have to be considered when not every monomer-monomer contact leads to bond formation. This confirms that repulsive particle interactions not only lower the sticking probability but also alter the aggregation mechanism.
